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Abstract,

\rcrj, I,c)llg Ba,sclillc  Illtcrfcrolllctry  (\~LBI) oljsc~vatiolls  of ~~t,~agalactic,  ra,~]io  SOUKCS  l)ro-
viclc the basis for defining an accurate non-rotating rcfcrcmce frame in terms of tjhc angular
l)cmitions c)f the sources. Mcasummmts  c)f the clistancc bctwccn  tl~c Earth ad the mocm
ancl the inner planets prcwidc  the basis for clcfining an inertial planc:tary cphcmcxis rcfcr-
cmcc frame. The relative orientation, or frame tic, bdwccn thcm two rcfm-cncc frames is
c)f intcrcxt  for combining Earth cmicmtaticm  mcmurcmcnts,  for comparing Earth oricmta-
tfion results with thcmics  rcfcmcd to the mcm equator and equinox, ancl for determining
the positions of the planets with rcspcd to the cxtmgalactic  rcfcrcncc  frame. This work
prcscmts  an indirect dctcrmimticm  of the cxtragalactic-] >lallc:tary frame tic from a combinccl
duct ion of VL131 ancl I,unar Laser Ranging (LLR ) obscrvaticms. For this (Ictc!rlllilla.tic)  l],
clata acquirccl  by LLR tracking stations since 1969 have bum analyzccl  and ccnnbinccl  with
14 years of VLII1 data acquired by NASA’s Deep Space  Network since 1978. The fra.mc
tic: dcrivccl  from this jc)int analysis, with an accuracy c)f 0.003”, is the mc)st accurate clctcr-
mimticm obt aincd so fm. This result, combinccl with a clctcrmination of the mean cclipt,ic.
(ddincd  in the rotating scmsc),  shc,ws  that the mean cc]uinox c,f cpch J2000 is c,ffsct  frcnn
the x-axis of the cxtragalactic  frame adopted by the Intcmational  Earth Rotaticm  Scrvicc
for astromdric  ancl gcodctlic  applications by 0.083:1:0.01 O“ along the y-dircctjion  and by
0.0224:0.003” alcmg  the ,z-clircction.

1. Introduction

TJCWI I,oIlg Baseline Intcrfcromctry  (VL131) observations arc sensitive tc) the relative ori-.
c:]ltja.tion  of baseline vectors bdwccn raclio tlclcsccq~cs  ancl clircctions  to cxtragalactic  raclic)
sourcc:s.  This sensitivity has km used to dctcrminc  relative station locaticms  with w 1 cm
accuracy WIC1 tc) monitcm  variations in Earth rotation with milliarcscconc]  (mas) accuracy.
Relative dirccticms  of radio sources arc dctcrmincd  tc) mas accuracy (Sovcm 1991a). In
orclcr  t,c) combine infcmnat  ion from many different VLD I sessions ancl data rcduct ions it is
uscfu] to fix the oricntatfion  of the coorclimtc  systcm of the radio sourcx:s  and to measure
I?art]l cmicntaticm  (prmmsion, rotation, univcrsd  time, ancl pcdar  mc)tion)  allci tectonic
motlio]l  with respect to this defined cclcstial systcm. Since 1988 the Illtlc]]lzitic)llal  Earth
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Rotation Scrvicc (I13R.S  ) has maint aincd a cc]cstial rcfcrcmc,c  frame defined by the pcJsi-
tions  of well-observed radio sources (Arias ct al., 1988). Sillcc  VL131 data arc not very
scllsit,ivc  to the orbit of the Earth,  and hc]]cc illscnsitivc to the dyjlamical equinox, tllc
rigid asc.cmim cmigin of the IER S cclmt ial system was set t c) agree with that clcfincd by
the historical lunar occultation of the source 3C 273 (Hazard ct al. 1971). The oricntaticm
of the lER S cclcstial frame is nominally maint aincd with each ncw rcalizaticm of the IER S
cclcstial frame (IER.S 1993).

The planet ary cphcmcris  frame is definccl  by the orbits of t hc Earth, mocm,  and plan-
ets. Lunar Laser Ranging (I,LR ) cmablcs  high-precision studies of Earth-Mocm dynamics.
Tlmmgh  the effect of solar pcrturlmt ions on the lunar orbit, LI,R observations are scmitivc
to the dirccticm  to the Sun and to the plane defined by the Earth’s orbit (the ecliptic).
T]](J llmar cphcmcris  can thcrcforc  bc tied in orientation to the cmbit of the Earth at the
milliarcsccond  (mas) lCVC1 (Williams and Standish, 1989). In addition, I,LR is sensitive to
tl]c oricnt,ation  c)f the Earth (with respect tc) the lunar orbit)  at the mas-level and IJLIi
station locations can bc dctcrmincd  with fcw-ccntimctcr  accuracy (Ncwhall ct al, 1993).
~’llc orbit c)f Mars is tied tc) the Earth-moon systcln  with N 2 mas accuracy from six years
of acxxwatc  Mngc mca.surcmcnts  to the Viking landcm (Williams and Standish, 19S9).  ~’hc
orbits c)f Venus and Mercury, with respect to t hc Ilartll-l]lc)c)ll-hflars syst cm, arc knc)wn  to
N 5 mas from radar mngc  observations. The orbits of the outer plal]cts  arc basccl  largely
m optical data and arc thus known with much lCSS accuracy. When comparing the plan-
etary cphcmcris  frame to the cxtragalactic  radio frame wc arc ilnplicitly referring to the
orbits of the imcr planets, csl)cc.ially  Earth and Mars.

IImausc l)oth VLDI and I,LR arc sensitive to station locations with respect to their rc:-
spcctivc  cclcstial rcfcrcncc  frames, it is possible to infer the relative orientation bctwccn
the cxtmgalactic  radio frame and the planetary cphcmcris  frame by comparing tlhc relative
orientation of VL131 and LLR terrestrial frames and the tilllc-(lcl~(;l]dcllt  Earth orientation
tr;~l~sforl~latic)]~s  nccclccl  tc) map Earth-fixed station locations to the VL131 and LI,R. cclcstial
frames. Know]cdgc  of the mtragalactic-planetary frame tic is of interest for Earth oricm
tat ion st udics.  The rcfcrcncc  point for theories of Earth oricntat ion is the equinox, which
is the intersection of the mean ccluator with the mean ecliptic. of tllc rcfcrcncc  cpc)cll  (e.g.
J2000).  I,I,R data arc sensitive to both the equator and the ecliptic but arc not as robust
as VI,D1  for Earth orientation studies since thclc arc fewer LI,R observation stations, tllc
1,1,1{  data of a given date occur only in a single direction Cm the cclcstial sphere, and data
acquisition is limited by the phases (brightness) of the moon. Dctcrminaticm c)f the frame
tic allows tjhc routine VIJB1 Eart)h oricntaticm  results to bc rcfcrrcd to the equinox.

l<nowlcdgc of the frame tic also s])ccifics  the orbits of the planets with respect tc) the cxtra-
galactic frame. This is c)f particular interest for t hc navigation of intcrplanchry spacecraft.
Short,  arcs of spacccmft  range and Doppler mcasurcmcnt,s,  rcduccd  with Earth orientation
information rcfcrrcd to the IEI{S cclcstial systcm, lead tc) a pc)sition  dctcnnination  in the
cxt ragalact  ic mfcrcncc  frame with w 20 m as accuracy. VLD1 observations of the space-
craft with mspcct to an cxtragalactic  radio source directly measures onc ccmponcnt  of the
s])~cccraft,  position in tllc extra.galactic frame with w 5 mas precision (130rdcr ct al, 1982).
Using tl]csc lmsiticm  mcasurcmcnts to their limiting accuracy requires knowledge of the.
l)osition of the target planet in tllc same rcfcrcllcc  frame.

2



*

The theoretical foundation for the frame tic dctcmnination is dcscribcd  in sections 11 and
111. Section II examines in dct,ail  tllc time dcpcndcnt  transformation bctwccn  tcrrcstria]
and cclcstial fmmcs while section 111 provides m analytical expression for calculating the
(:xt,ragalactic-l>lal~  ctarj~  frame tic from the relative cmicntation  of the VLB1 and I,LR tcr-
rcsi,rial  frames, and from pararnct cm of t hc two VLB1 and IJLR t crrcstrial-  cclcst i al tram-
fonmtions.  Section IV presents the analysis method and modeling used in the rcductio]l
of t hc VI,BI  and LLR data. The cmicnt  at ions of t hc planet ary cphcmcris  DE200 rclat ivc to
the cxtmgalactic  frame arc calculated in section V and compared to previous dctcrnlina-
ticms based on VLB1 observations of spacecraft at other planets and comparison of VLII1
and timing positions of millisecond pulsars. Finally, section VI presents a calculation of
{(11c location of the mean equinox at epoch J2000 in the cxtmgalactic  frame adopted by
H31{S.

II. R,clatinK  Cclcstia~ and Terrestrial llamcs

in the process of reducing LLR or VLB1 data,  a time clcpcndcnt tra]lsformation bctwccll
imldicitly  dcfincxl  cclcstial and terrestrial coordinate frames is established. !l’his transfor-
mation rcprcscnts a dynamical tic bctwccn  Earth-fkcd and space-fixed frames and includes
cstilnat,cd  and assumed prccmsion,  nutation, sidereal time, and polar motion paramctcm.
To c]nploy this tral]sforlllatioll, it must lx: undcrstlood  in some dct ail. To this end, tllc
standard rcpmscntaticm  of the oricntatim]  of the Earth with respect to a cclcstial systcm is
prcscntcd  here. Particular attcnticm is paid to the quantities that arc commcmly  estimated
and how they affect this rcprcscnt at icm.

l,ct i’ rcprcscnt the vector from the ccntcr  c)f the Earth to a staticm  in an Earth-fixed
cquatoria] cc)cmdinatc systcm with x-axis ncnninally aligned with tllc Greenwich lllcridiall.  *
IU the fixed cclcstial coordinaic  systcm, the station vector Z’ at time t is calculated as

Z =: PNSO 7 . (1)

TIIc (polar motion) rotation O ccmccts  for the offset bctwccn  the 13arth-fixed coordinatlc
po]c and the ‘Celestial Ephemeris Pole’. The ‘Celestial Ephcmm-is  Pcdc’ (CEP) is conccp-
tlmlly  dcfinccl  as the axis which, in the theory of t,hc rotation of the Earth, has no forced
daily  or semi-daily m]tations (Scidclmann,  1982; Capitainc ct al., 1985). S models the
rc)tation c)f the Earth about t,hc CEP, N accounts for the cluasi-periodic nutation of the
CEP about] the ‘mean pc)lc of date’ , and P moclcls  tllc precession or secular drift,  of the
<mean pole c)f date’ and ‘mc:an equinox of elate’ with respect to t hc fixed cclcstial pole a]ld
equinox of J2000. Each of these rotations is discussed in detail below.

At a particular time only three rotation angles arc mquircd to specify the rotation matrix
I)ctwccn terrestrial and cclcstial ccmrdinatcs.  The evolution of the tlwcc allglcs  with time
is ccmplcx  and conventionally the total rotation matrix is broken up into tlhc scqucncc  of
rotations in equation (1 ). Nine angles arc involved: three for prcccssicm  and c)bliqui t,y,  two
for nut aticm, two for polar motion, am d UT1 -UTC.  When coml~arillg  tllc rotation bctwccn
terrestrial aucl cclcstial cocmlinatcs fcm VLDI and L1,R,  the total rotation matrices will bc
Coll”lparcd  .

The time dcpcndmcc  of the Earth-fixed location duc to tectonic moticm is ignorccl  througho-
ut) this sect ion.
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A. Nota&——— —.—

(2)

1]] (Jlt(lc;]t  ocliscllssl  ]loclclillgof 13arth’smtation  indctail,  a IIotatiollf  or])ositiv(:r  c)t,atiolls
lkx, R,., arid Rx  about the x, y, and z axes rcspcclivcly  is iutroduccxl,  where Rx, Ry,
al){l ILz arc dcfincxl by

[

1 0 0
RX(0)  = O Cos 8 sill O

0 -- sin O cm O 1

[

cm 6’ 0 - sin O
R,,(O) == O 1 0

sin (3 O Cos 6’ 1

[

cm O sin f3 O
RZ(0)  = — sill O Cos (? o

0 0 1 1
‘1’llcsc rotations arc positive in tllc scmsc that they rcprcsmlt  a transformation bctwcxm  two

coordinate systems with the final cocmdinatc systcm’s basis vcctcm  being rotated from the
initial systlcun’s basis vcctcm  by a right-hanclcxl  rotation of a]lglc O about the designated
axis.

A rotation about an arbitrary axis will be dcfincxl  by

R(d);  = 7-sin06x F+(l-cos@)6x  (6x?) (3)

where 0 === 16 I is the angle of rotaticm,  6 = d/d is the rotation axis, and P is an arbitrary
C,oolclillatc;  vector. Fcm example, with this nc)taticm  RX(0)  =- R(tltx  ), Ry (0) = R(O2,, ),
and It Z(0) = R(Otz),  where 2X, &, and i?z arc the x, y, and ~, relit vc:ctcm rcspcctivcly.
!l)wo results will prove useful ill ccmnccticm  with this ]Ic)taticnl.  First, if M is a mtaticnl
matrix, t hcn it cm be shown that

MR(~)M-’  == R(M6) (4)

?’llis follc)ws from equation (3) and the invariance of the cross product under ortllcmor-+4
]nal cc)cmclinatc  trallsforlllatic)lls  ( M [A x B] =: [MA] x [Ml;] ). A second result is the
:1])1)1’[)xilll:ltic)l]  rule for small rotation vectors,

wl]ick is ac.curate through scccmcl  order.

D. Terrestrial Pole orientation

The first rotation applied in the transformation from terrestrial to cclcstial ccmrdinatcs
is the oriclltlatjicm  matrix O, which acccnults  for I)c)lar motion, the cil’set of the ‘Cclcstia]
E1dlcmcris Pole’ from the terrestrial coordinate systcm pole:

([1)IJ

O(t) =: R T
o

(6)

Tllc angles r and –-~ arc a]qjrc)xinlatcly  tl]c x allcl y cocmclilmtm  c)f the ‘Celestial 13phcmcris
I’oIc)  in tllc Eartll-fixccl  systcm.
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~. IMation About  the Polq

TIIC vast majority of thcrotatlional  velocity of the Earth is moclclccl  in the spin matrix

so(t) == R~(-&) (7)

where Oc; is the ‘ Grcwnwich Mwm Sidereal Time’, the hour angle bctwccn  the mcridiali
containing both the terrestrial x-axis and the ‘Celestial Ephemeris Pole’, and the Incriclia]l
ccmtaining  both this pole and the ‘mean equinox of date’. The ‘equation of tl]c cquinc)xcs),
which is normally incluclcd  with the spin rotation S , will bc inc.cmporatml  below in tl]c
nutat,icm  matrix N. It should be noted that small Mat ioml vclc)cit  ics occur  due to prcccs-
siol],  nut, aticm, and po]a~ motion, and thcrcfox-c  tl~c ‘Celestial Eld]cmcris Pole’ is not tllc
rotaticm axis of the F~arth’s crust,. By dcfinitioll, the Eartl]-rotatic)  ll-l>asc(l  time scale UT1
is directly related to 6C; , with the explicit relationship given by Ac)ki et al. (1 982). W1]CI]
a correction to UT1 is estimated, the spin matrix may bc rcprcscntccl as

wl]f.y~: {] is tl~~ l]~ca,~~ ~~t,atjioll  ~at(; of tllc Ea]tll, ~UTl is tllc ccnrcction to UT], and S{,(t)
is the value of S(i) obtained using the nominal value of UT1.

Q, Nutation

Nut at ion describes the ‘short’ term quasi-periodic variations in the ‘Celestial F;phcmeris
Pok’. The largest term has an 18.6 year period with an amplitude of 9 “ (9 arcscconds).
The standard model for nutation is given Ly

N ( t )  == Rx(-E)Rz(A@)Rx(c  -i A~)Rz(-a};) (9)

where A@ is the nutation in longitude and Ac the nutaticnl  in c)bliquity.  Here  the ‘equation
of the ccluinoxes’ rot ation, which transforms from t hc ‘true equinox of date) to the i recall
equinox of date’ is given by

c1 >; = A@ COS(f) (lo) ‘

and has been included with the nutation since the equation of the equinoxes depends cmly
on nut at ion paramet cm. Fcmrier series for A@ and Ac for the standard (IAU 1980) model
arc given by Wahr (1981) OY Scidchnann (1982).

To lnoviclc a bctltcr understanding of the nutation matrix, an approximate formula for it
Wil]  ~J~ d~riv~d  using ~qlla,tiolls (4) al~d (5). First,,  Ilsil]g cql]at,iol]  (5), tllC nutations Call
be grou])cd together:

([ 1)
A~

N(t) M Rx(-c)R> O RX(E) RZ(-GJ,) (11)
A+

Tl)c nutaticms A@ and A( arc applied in ecliptic. cocmdinates,  with Rx(c) representing a
tr~l]sforl]latlic)]l  into ecliptic cocmlinatcs, and Rx ( – 6) representing a transformation back
to equatorial cocmdinates. By using equation (4) with Rx (–E)  as M, the nutation matrix
may be reduced to a series  of small rotations:

5
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Using tllc cxplicitl  form (1 O) for the equation of the equinoxes, auci collecting together small
rot, at ions using [5), the approxinmticm

N(t)

+i:i’’(])

is cstimatcxl,  the corrcctcd  nutation matrix cm lx: reprcscntcd as

N(i) == N1~,,(t)R

(13)

tie
–6’t/)  sin 6

1)

(14)
o

where NIAtJ is the (~llla]>]>roxilllatc(l)  standard nloclcl and fic and 6~J arc c.orrcctions  to AC
a]l(l  A@.

E. I’]mcssio]l——

l’rcccssiml  dcscril>cs  the lcmg tcmn drift c)f t,hc ‘Incan pole c)f elate’ ancl ‘lncall equinox of
datlc’ . 11’hc ‘mean pole’ drifts in clcclination  by n % 20!’04 pcl Julian year, and the ‘recall
equinox’ clrifts  in right ascension Ly m % 46!’12 pcr Julian year (Licskc, 1979). ‘1’hc
standard  mc)dcl  for the prcxxxsion is given in the form

(15)l’(t) = Rz(~A)Jl>,(--~A)~~z(zA)

Polyllonlial  expressions for the angles (A, 8A, and 2A as a function of t arc ,givcn by Licskc
(1 979; 1977). A vectorial fonn~daticm  of prcxzssion  is given by Fal)ri (19S0).

Wllcn  corrcctliolls  to the standard prcc.cssion model am cstilnatccl,  the ccmrcxtcd  prcccssio]l
mtitrix  l]lay by rcprcscntccl  as (Zhu and Mueller, 1983)

([ 1

0
P(i) = PIA[,(t)R -li?l  (t - t,))

6171

(16)

w]ic)’c ]>]A~/  is the stanclard  model (equation (15) with Licskc’s polynomials), 672 and 6777
ale corrections tc) tllc lnwccssion  rates in declination ancl right ascension rcspcctlivclyj  and
i,, is a rcfcrcncc  epoch, which is preferably Ilcar the mean data cl)och. ‘T1lc corrcc,t  ion to
tllc gcl lcral l)rcccssion in dcclinat ion a]ld right asccnsicm,  6n and 6m, may I>c CX1)ICSSCC1 as

6n = 6pI,~ sin c

6m =- 6]),,s  cm f – 6~
(17)

with f being the mean obliquity of tlm ecliptic, p~,,$  the lulli-solar  precession ill longitude
and ~ the planetary prcccssicm  in right asccllsioll.
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1“. q’hc l’Otal  lM’cCt of Estimat,cxl  Quantlitics

Combining the above rcsu]ts  and using equation (4) and c,cluation  (5) wc find that the
transformation from terrestrial tc) cclcstial coordinates including estimated quantities may
bc cxprcsscd  as:

P N S O  = P1.UN,.[,SOR(d) (18)

‘A[[::l(f-’’’)+s; fi{ii61i[6f2,:u 7111u7111 ‘]9)(j ~ S;IN-I
or, ncglcding  the cffcd of the nutaticm  matrix on the prcccssicm  corrccticms  (this is less
tllall  0.02 mas),

6=

( h(t – t,,) – O[mm]

SCvcml  things shcmlcl bc noted from this rclaticmship. First, estimation c)f precession
in declination fi71 is cquivalcmt  to estimating a linear trend in the nutation in longitude
f~~. 1]1 Lhc fcdlcnving  analysis mfcrcnccs  tc) 6?? a r c  ch’cqq~cd in favcw c)f a tfrmlcl in 6+.
Scccmd, cst(imation  of prcccssicm  in right asccnsim  6771 is equivalent to cstlimating  a trend
in 6UT1. As cliscusscd by Williams and Mclbcmmc  (19S2), when corrections to prcccssim
arc aclcq>tcd  in the future, the definition of lJTI shcdd  bc altered so that UT] series arc
cont,ill~lous.  Guinot (1979) has gone furt hcr ancl suggested that, rathcx than rcfcming UT]
to the meridian oft hc mean equinox, it S11OU1CI  bc rcfcrrcxl  to a ‘Non Rotating origin” which
is defined on the imtantanccms Earth equator in such as way as to bc largely indcpcndcllt
of lmccssion  and nut at ion moclels ( Capit ainc ct al. 1986). In the light c)f this thinking)
{)l]c precession in right ascension 6777 is not, a useful parameter and cannot bc estimated.
]{’ills]] y, it, SIIOUIC1  lW ~lotjc(l tlla,t, On time  scales sllcmt  ccmlparcd to a day, it is iml)cmsiblc tC)
distinguish bctwccn nutation and pc)lar mc)tion; only three anglcw arc nccdccl tc) dcscribc
a general rotation. In fact, if ]lutatjiom were allc)wccl to have rapid variations with nearly
daily pcricds, there would k no need for t hc polar angles x ant] y. This points tc) t IIc
fact that, whatever the cone.cptual ddiniticm of the ‘ (klcstial  Ephemeris Pole’, its prcscni
illll)lcl-]lclltatioll  results frcm fitting data to slowly varying nutation and polar motio]l
mc)clc]  s .

111. R.clatinfl  the VL131,  1,1,1{.,  and Planctarv
El>hcmcris  R.cfcrcncc Frames

ID this section, the relationships bctwccn  the plandarj  cphcmcris  and the LL1{ and VI.131
rcfcrcncc  fmmcs  arc cliscussccl.  TIIC cncl result is an expression rclatillg the cxt)ragalactli  c-
l~lanct  ary fmmc  tic t c) quant itics avail able from t hc LLR and VLII1 data rcduct ions and to
the trmsformation  bctwccn  l,LR and VL131 t~rrcstrial  frames. The cxtragalactic-l>lallctar~~
frame tic is rcprcscntcd  by a rotation vector A that relates VI,T31 cc]cstial  cc)cndinatcs  &l,},  I
a]]d p]anctary cphcmcris  coordinates ZI)l; by

z\J1,]j  I == R(Z ):},}; (21)
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7’llc dcrivatim  of the fmmc  tic starts with the planetary cplmncris  as mprcscmtcxl  by
{h{: cphcmmis of the Earth and proccccls in stclm to the 1,1,1{  terrestrial frame,  the VLBI
terrestrial fra.mc,  and finally to the VLB1 celestial frame, w]lich is tied to the cclcstial
systcln  adoptccl  by IERS for astmmctric  ancl gccxlctic applicatim)s.

Tral]~f~rlllatiol~  bctw~cll the l>lal~ctar~  cl)hcl~lcris  fralllc  and tllc ~JLIi t~rr~~strial fral~lc

]n the L1,R data reduction, tcmcstrial  coordinates ;l,l,,~ and cclcstial coordinates in the
planetary cphmncris  frame Z],]; arc related by

w]lcrc @J,I,l~ has the form of cqua,tioll  (20), and where ti~lj ancl t$QIj arc corrections to the
oricnt,ation  of the 13arth’s  orbit cstima.tcd in the I,LR analysis. p}] is a unit vcct,or  in the.
dircckiou  of the 13arth)s perihelion and Q]) is a unit vcctcm in a direction orthogonal to
botll~  tllc direction to pcrillclion  ancl to the ecliptic pole (sew Ilroum7cr  and Clcmcllcc  1 961).
}], and @}) arc given by:

(23)

with tlw a.rgumcnt  of perihelion w == 102.94° at J2000.

~ltillsforllla,tioll  bctwccn  the IJIJR ancl VIJKI1  tcmcstrial frag

7 ‘llc c.oll)l~let  c t rallsformat  ion from LLR. to VL131 t crrcstria]  cc)oldi]l~t  m must account for
a rotation, a t ranslat ion, ancl a possible diffcrcncc  of scale. Here our main conccm is with
t] IC’ relative orient at ion of t hc t wc) frames. Thcxcforc, t hc rclat iomhip  bctwccn coordiuatcs
ill tlhc two frmncs  will bc rcprcscntccl  as

~i,llcl(:  tllc ~rcctor  fi, pa,ralllctcrizcs  t,llc ~c)tatiol] l>ctwccll  the I,I,R  and VI.BI t e r r e s t r i a l
frames. The method USCC1 to derive this rotation will bc explained in Section V.

~.allsf[)rlllatic)ll  bctwccn  the VL131 terrestrial and cclcstial frames

wll(>rc ~1,, ,JI }las the form of cqtla,tioll  (20) and w]lcrc @l, is a small incrcmcnt al rot,  ation
carrying the mean CEP pcdc  of year 2000 into the po]c of our V+131 frame, cc)incidcnt  with
that of the IER.S frame  (SCC Section IV). ‘The rot at ion vcct or (31, is rcprcscntcd  by:

(26)

where (--@z, 0,, 1 ) arc the coordinates of the mean CEP pole of year 2000 in the VLBI/IERS
frame.
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M>rcssion  of the cxtragalactic-l>lallctary frame tic

and tfllc!ll

(30)

whmc tihc correction tc) precession in declination is included as a trend in Al! and a correc-
tion to lmcccssion  in right,  ascension is not distinct from a trend in 6UT1. As argued earlier,
Ilutatfion  and precession can bc scpamtccl from polar motion only by requiring that, each
Lc slowly varying. Thcrcforc  the tcnns  in equation (30) that arc modulated by sillusoi(ls
il] OG, the Grccnwigh Mean SidC~rcal Time, must bc scqmratcly  zero. This gives the bias
bctwccll  the two polar mc)tioll  series in terms of the terrestrial trallsforlnaticm  p.aramctcrs
RI and Rz, which correspond to a displa.ccmcnt  of the ccmrdinatc  pcdc:

~l,I,j(  —  ~\Jj,]j] = R]
== R,

(31)
ZI)I,){  —  Z\/1,1{1

The full three dimensional fsamc tic rotation vector is then given by

TIIC calculation of ~ generally requires a ccmparisol] of I,IJR and VL131 nutation and
mlivcrsal  time estimates, a dctcrminatiou  of the tral~sfc)rll~zltic)ll  l.)ctwccn  VI,B1 ancl LL1{
terrestrial fral ncs, and k110u71cdgc  of corrections tc) t hc oricntaticm  of t hc Eart h’s orl>it  a] ld
io tllc position of the mean CEI’  pole of epoch J2000 estimated in the analysis.
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IV. T’hc ioil~t VL131/LI,R  a]lalysis

111 tllc past dccadc,  software: for the rcducticm of VLII1 olxscrvations  (Sewers 1991b)  and LLR
obscrvaticms  has been dcvclopcci at t hc Jet Propulsion I,aboratory  (J PIJ).  Thc software
formulation allows the two data types tc) bc combined for estimation of paramctms ill
common to VL131 and LLR. Such a combined analysis was initially dcvclopcd  to produce
joint,  VLDI/LLR  estimates of precession and nutation constants (Chariot ct al. 1991). The
cmnl>incd  data set is stronger than either individually bccausc  the LLR data set is of longer
duration (bcgiming in 1969) while the VLB1 data arc currently mom accurate and more
frcqucllt. This combined analysis is also useful for determining the extra.galactic-pla.net ary
frame  tic bccausc  consistency of VL131 and lJLR Earth orientation mc)dcling  inherent in
the lllcthod provides simplificaticm  c)f equation (32) for the frame tic c.alculaticm.

q’l]c V14B1 data usccl in our analysis consist of ahcmt 10 000 delay and delay rate pairs
acquircxl  during 127 dual-frequency (2,3 and 8.4 C; Hz) VLB1 obscrvmg  scss]ons carriccl
ollt by the NASA’s Deep Space Network (DSN)  bctwccm Octolxr  1978 and February  1993
on two il~tcrcolltil~clltal  baselines: Goldstonc-Maclrid  and Goldstonc-Tidbinbilla.  Approx-
imately half of these obscmmtions  (starting in 1988) were rccordcd  with the Mark 111 clata
acquisition syst cln (Rogers ct al. 1983) with a prccisicm of 1 cm. Tllc  older obscrvaticms,
rccordcd  with the Mark 11 systcm  (Clark 1973), have a precision of 10 cm.

‘1 ‘llc IJIJR data ccmsist  of about 8000 ranges (dist  ancc mcasurcmcnts)  frcm t clcscopcs  on
tllc Earth to reflectors  cm tllc Moon acquired bctwccn August, 1969 and Fclwuary  1993.
The mcasmcmcnts  of the first dccadc  arc all from the 2.7 m tclcscopc  at McDonalcl ob-
scrvat,my  (Tcxa,s),  which ccascd LLR activity in 1985. Thcm  of t hc past dccadc  arc from
tlllrcc  tclcscopcs, located in Grassc (France), Halcakala  (island of Mauai, Hawaii), and
at Mc.Donald  Obscrvatory, which arc dcdicatcd  to ranging the Moon and Earth-orbiting
sat clli tcs. !llc current precision of LLR mcasurcmcnts is about 3 cm while the precision
of car]y data was 30 cm.

111 the combined VLBI/LLR analysis, corrections to periodic nutaticm  terms were estimated
in commm]  to both clata  types as well as a linear correction to nutation in longitude
(cquivalcntf  to a correction to luni-solar prcccssion).  Such parameters arc ncccssary bccausc
the IAU (1976) precession ccmstant  is Imowl] to bc in error by several mas/yr  and the IAU
(1980) theory of nutation amplitudes arc in error by several mas (e.g. IIcrring ct al. 1991,
Williams ct al. 1991). 111 adclition,  UT1 tidal amplitudes at the nearly diurnal (J{l,  ~1, 0,)
and semi-diumal (S2, 312, A~2) frcqucncics  were also jointly cstilnatcd bccausc  tlhc present
tllccmctical  nlcdcls  available arc not accurate enough to fit the VL131 data (e.g. Sovcrs ct
al. 1993). Offsct,s  tc) the a priori polar motion/UTl  series (Grcxss, 1993) were ccmstraincd
to 1)[! Zero. Ccmrccticms  tc) UT1 and polar motion mtcs were estimated separately for each
data type since station velocities were set to agree with the NNR-NUV12L-  1 pla.tc  tcctcmic
]]]odcl  (DcMct,  s ct al. 1990, Argus and Gordon 1991). !l’able 1 gives the estimated values
for the nutation parameters, UT1 tidal amplitludcs , and VLB1 and LLR pc)lar  mc)tion  and
U!l’1 rat)cs.  !l’hc paramctc.r  uncertainties given in Tabk~  1 and throughout, the rest of this
section rcprcscnt the formal errors of the least squares fit, The formal unccrt aint ics arc
kncnvn to bc smaller than the actual uuccrtaintics duc to several effects IIot includcc]  in the
least-squares fit. A better rcprcscntation  of the actual pa.ramctcr  uncertainties is given in
the nmt  section for parameters important in the derivation of the frame tic.
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III order to fit the VLB1 data with the above Earth orientation modeling, the locations of
the DSN radio telescopes were estimated along with relative coordinates of cxt,ra,galactic
radio sources and session-spccifl c clock and troposphere parameters fcw each station. l’hc
rcl~tivc locations of the various raclio telescopes within each site ( Goldst one, Madrid, and
Tidbinbi]la)  wcm ccmstraincd  (to  1 cm) by intra-site  VLB1 cxpcrimmts  (Jacobs, 1993).
‘]’ab]c 2 gives the cstimatccl VLB1 radio tclcscopc  positions. The VL131 cclcstial frame  was
tied to the IERS celestial system by fixing the right ascension ancl dcclinaticm  of 0J287
(0851 -1 202) and the declination of CTD20  (0234 ~- 285) to their values in the ICRF91
frame, as dcviscc]  by Steppe ct al. (1992). TIc position of the mean CEP pole of year 2000,
defined in equation (26), was alsc) cstlimatlcd,  and its coordimtcs  were 01 == — 1.5 * 0.2 mas
and 02 H 21.63: 0.5 mas. The large offset of the CEP position about the y-axis, 192, is
]nainly  due to the linear  correction to nutlaticm in longitude obtained in our c.oml>incd
analysis (—3.79 mas/yr).  ‘This corrccticm  is consistent with that found by other groups
(e.g. --3.2 ~ 1.3 mas/yr,  Herring et al. 1991).

I,LR-specific parameters estimated incluclcd  station locations, reflector  locations, correc-
tions  to the orbit of the Earth-moon baryccntcr  about the sun, as tabulated in the cxpcri-
mcnt al planetary and lunar ephemeris DE21 O/LE2 10, and lunar gravity, rot at ion and cmbit
parwnctcrs.  The corrections to the Earth’s orbit were found to bc fiplj = 4.0 + 0.6 mas
and &QJl =: —2.4 + 0.3 mas. The cstimatccl  LLR site locations arc listed  in Tal.~lc 3.

Equation (32) shows that the cxtragalactic-planetary  frame  tic gcnmally dcpcncls  m the
OffSCtS,  ($’~~] VLW  —  &U~lLLR)  86 VI,HI  —  ~ELLR, and 6@VLBl  —  6@LL}{>  l~ctwccll  the vIJ~I all[l

LIJR Earth orientation corrections. In our combined l~LBI/LI,R analysis, these oflsets
cancc] bccausc  the ~Jdh orientation was made consistent for VLII1 and LLR. Thus, the
fralnc tic calculation is simplified. T h e  VL131 ancl I,LR rate corrcc.ticms  to the a. l~riori
UTI and polar mchion  X arc insignificant (see T~blc 1). The rate ccnmctions to polar
motion Y arc significant and disagree for LLR and VLB1,  The VLB1 polar motion Y rate
ofrsct  (().26 3:0.04 ma/yr)  is consistent with the known rate offset (O. 15 ~ 0.04 mas/yr)
bct,wccn the IERS polar motion series  to which our a priori series  is tied (SCC Gross  1993)
a)ld the I13R.S  terrestrial rcfcrcncc  frame (IERS,  1993). The larger diffcrcncc  ill the LI, Ii
Imlar moticm Y rate may be duc to a difference between the L1,R estimated values and
tlhc a priori  series for times  prior to 1984, wl~cre  no VLB1 data exist, or possil)ly  duc to a
c]iscrqmncy bctwccn  the NNR-NUVEL1 plate motion and the actual site velocity at onc
of the tlmc LLR sites. At this level of discrepancy, hcnvcvcl ‘, a polar moticm 1’ rate shcmld
not, significantly affect tlhc fra.mc  tic determination.

~Thc c:xtragalactic-l~lallctary  frame tic

After constraining Earth cmientation  offsets to agree  in the combined VI, BI/LLI{ analysis,
the frame tic may bc computed in terms of the ccmrdinatcs  of the CEP in the cxtragalactic
fralnc, the corrections to the planetary ephemeris , and tllc relative orientation c)f the
V],BJ a,llc~  LLR, tcrr~stria,l  fra,ll~cs  aj>ollt  the ~-a~is.  Estilllatcs for al] of these paramct,crs
except the terrestrial frame  orientation arc given above. A direct comparison c)f the VI,BI
and I.IJR terrestrial frames is nc)t possible since DSN VLII1 sites and LI.R.  stations arc
~~ridc]v  scl)a,yat,cdo  Fc)rtulla,tcly)  ~cc,cllt  Cflorts to I]llify V].r]],  I,LR and SLR (sat,  cllit,c laser.
ranging) terrestrial frames, both by the lntcrnationa]  Earth Rotation Service (Boucher  and
A]tamimi 1989)  and by indcpcndcnt  groups (Ray et al. 1991), have resulted in a tcmwtrial

11



.

frame cent aining all of the I)SN and LLR sites. The trallsf[jrlllatioll  bctwccn  the VI,B1 and
IJ,R terrestrial frmncs  in thcl cmnbincd VLllI/LLR analysis may then bc clctmmincd by
co]l)lmring  thcm with such a unificcl  terrestrial frame. Fcm Ollr analysis,  WC chc)sc  t]m 1992
rcalizatiml  of t,hc:  IF~R.S  tcmmtrial frame  labclccl 1 TI{.F92 (Bouchcr  ct al. 1993). T’able 4
gives the VI.BI and LLR staticm coordinates the ITRF92 systcml  as given by (Bouchcr  ct
al. 1993.

‘1’llc individual VLB1 ancl LLR frames have been compared tc) the 1TRF92 frame with a
sc:~~cll-l>aralllctcr  transforlna,timl  (3 translations, 3 rotations, onc scale factor) given by:

(33)

where ;Iy,}jl, 71,1,1{)  ~111{J,92 arc ccmrdinatc  vectors in the l~LBI,  LI,R and ITR14’92 frames,
?’ and 7’” (i’ and i“ , rcspcctivcl.y) arc translations (rotations , rcspcctivcly)  frcm the
1’I’I{F’92  frame to the VL131 aIld I,LR frames, and l>’ al)d D“ arc scale factors frcnn t,hc
l’1’li F’92 frame to the VLBI  and I,LR.  frames. T1lc seven lmramctcm of each tral~sforl~latioll
have been cstimatcxl  with a least-squares analysis comparing the station coordinates of
cad]  frame (VI,  III or LLR) to the corrcsl)onding  station coordinates in the ITRF92  frame.
‘lkl)lc 5 S11OWS the values of these ])aramctcrs. The relative cmicutaticm  of the VLB1 and
1,1.1{ terrestrial fmmcs about the z-axis nccdcd  for the frame tic calculation may bc derived
frolll  the paralnctcrs given in TaMc 5 as Its = –39.4 i: 1.9 mas.

Returning tc) equation (32) and substituting the terrestrial rc)tation  li~, corrections to tllc
oriclltatlioll  of the F.arth’s  orbit, 6_P~j  and 6QIJ,  and ccmrccticms  to tllc l~cmition  of tllc recall
CE1’ pole of year 2000, 131 and OZ, given above, pmvidcs  tlhc follmving  estimate of the
tic from the frame of the cxpcrimcntal  planetary cphclncris  DE21O to tllc I13RS cclcstial
rcfcrcncc  frame.

( - 3 + 2  m a s  ~
AIMS

l)h’210  =
[

18 + 4 m a s
– 4 1  3:3 mas J

(34)

‘1’hc unccrt aintics printccl in ccluaticm (34) arc not formal errors. For their (lctc:rll~illatic)ll,
wc have lnult iplicd t hc formal crrcm of 61\J and 6 Q]] by a factor c)f 5, accounting for t hc fact
that the mutual  inclinations of the ecliptic, the equator, and the lunar orbital plauc arc nc)t
known  to better than 2 mas accuracy (ll~illiams  ancl Standish 1989). Similarly, the formal
crlors of 01 and 02 have also been culargcd by a factor of 5, assuming an unccrtaintly
of 0.5 mas/ yr in the precession constant (t hc formal error was only 0.1 mas/yr).  The
mlccrtaiuty in & (+3 rims) accounts for likely systcmat ic errors duc tc) the limited nmnbcr
of sites in the station coordinate compariscmo

The frame tic given ill equation (34) is dcpcndcnt  on the data span used in the least-squares
fit and is most valid at the time of the weighted mean data epoch, which is about 1988.
‘This is bccausc  the frwnc tic is sensitive to tllc l)c)sitions  of the plallcts relative to the raclio
sources at tl)c time LLR and VI,B1 data exist whi]c  tllc uncertainties of the pcxsitions  of
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tllc planets at times  relative to tllc 1988 generally incrcasc:  with time. In particular, the
mean motion c)f the Earth-moon baryccntcr  abcmt  the sun, dctxmnincd  primarily by Viking
lalldcr ranging, is uncertain by w O. 15n2as/yr  duc tc) uncmtaintics  in the masses of the
astlcmids  (ha, Pallas,  and Vcsta (VVilliams, 1993). An analysis of a similar LLR/VI,131
data set wit h a mean data epoch tcm years lat m ccmld bc expcctcd  to give a result diffcrcn{
by ~ 1 .5?nas.

TIlc frame tic bctwcxm  the o]dcr plmctary cphcmcris  DE200 (Standish 1982,1990) which
was mtcnsivcly  used in the past dccadc,  and the lERS  cclcstial frame, ~~~&z~o,  can also l~c
inferred from our analysis since the rclat ivc rot at ion vcct or bet wccn DE200 ancl DE210 can
bc mlculat(cd  by comparing the orbit oft hc Rarth-mcmn  baryccntcr  in the two cphcmcridcs.
Such a comparison gives a tilllc-clcl~c]l(lc)lltj  rotaticm since tlhc two cphcmcridcs  arc based
on different data sets. The cphcmcris  DE200 il~cludcd  only part c)f the Viking lal~dcr  data
mld the masses of the asteroids were lCSS certain at the time of the DE200 solution. The
rotation Lctwccn DE200 and DE21O is found to clrift  by w 0.5mms/yr  which is greater
tlmll the current uncertainty of t,hc Earth’s mean motion abcmt the sun. Fcm the mm
data epoch of 1988, the rot at ion bet wccn DE200 and DF~21 O is approximate cly given by
Zfifi~~,~ = (1 mas, -30 mas, 35 mas). our estimate of the frame tic bctwccn  the planetary
cphcmcris  DE200 and the IER S cclcst id frame is then:

[

– 2 + 2 mas
~Il<l{s

1)1;200  “ - 1 2 4 : 4  IIlas
--6 * 3 mas

(35)

!llis frame tic is consistent with that dctcrmincd  by Finger and Folkncr  (1992) with a
similar method (1 == 1 + 3 mas, —10 3- 3 mas, —4 * 5 mas). It can also bc cmnl)arcd
to results obt aincd by other techniques by examining t hc offset in right asccnsicm  a~l d
dcclinat ion in t hc part c)f t hc sky where the other mcasurcmcnts  exist, keeping in nlin d
tlmt  a largely-lmown drift exists for clata rcduccd  with respect tc) DE200 of w 0.5mas/yr.

There have been a munbcr of VLB1 observations of spacecraft at c)thcr planets. A planetary
orbitfcr,  or a spacccmft  making a plauctary cnccmntcr, l)as a lmsiticm  dctcrminccl with
mspcct  to tlic planet frcm tfhc gravitational sigmturc  cm the spacecraft Doppler data.
VIJDI mcasurcmcnts  bctwcm the spacecraft and cmc cm more angularly nearby radio somms
can bc used to estimate the radio source coordinates in the planetary rcfcrcncc  frame.
Ncwhall et al, (1986) reported average right ascension and declination cifscts cmsistcnt
with zero with uncertainty 8-12 ma,s  based on the results of VLB1 mcasurcmcnt,s  for the.
Viking ancl Pioneer Venus orbiters. This dctcrminaticm is consistent with our result in
equation (35). McElrath and IIhat (1988) derived a position of the radio scmrcc  0202 -t- 149
in the frame of t hc planet ary cpllcmcris  D E200 from obscrvat ions of t hc Soviet JJcga 1 and
Vega 2 spa.cccraft  as they flew by Venus in 1985. 7’llc uncertainty in this dctcrminat  ion
is dominated by tllc uncertainty in the location of Venus with rcxpcct to the !lartll’s
orbit,. In Table 6 the results of the Vega flyby Illcasll]clllc:llts  arc comlmrcd with our
clctcrl~lillatjic)~l ancl arc seen to bc consistent within cmc sigma. In 1989, two single-baseline
VI,D1  obscrvat ions of t hc Soviet Phobos  II spacccmft  al hlars were made to dctcnninc
onc ccmponcnt  of the positions of two radio scnmccs  in the frame c)f DE200 (Iijima and
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H ildclmmd  1991 ). The results of these two mcasurcmcnts arc consistent with the result c)f
equation (35 ) as shown in Talde  6.

Timing of millisecond pulsars gives positions with accuracy better than 1 mas basccl  on tfhc
orbit of the Earth (Rawlcy  et al. 1988). VLB1 observations of these sources arc di~lcmlt
sine.c tllc ]Julsars arc weak radio sources. Two groups (Dewey ct al., 1991; Bartcl, 19!31 )
l)avc made VL131 obsmmtions  c)f the pulsar PSR 1937+-21. Prclimimry  results from OM
group (Dewey ct al. 1991), when combined with t hc results of t hc timing mcasurcmcnts,
give right ascension and declination offsets for the pulsar tlllat  arc in agrccmcnt with our
frame tic determination (see Table 6).

in tllc future more spacecraft VL131 mcasurcmcnts and rcfincmcllts of the tcchnic]uc  prc-
scntcxl here, as WC1l  as rcsult,s  from other mctlmds, shoulcl combine to prcduc.c  a consistent,
fralnc tic (l(:tlcrlllillatioll  at the 1 mas level. In the meantime, the> cxtragalactic-planet ary
frame tic result prcscntcc{  here with 3 mas accuracy is the most accurate currently

VI. I,oca,t,ioll  of the mean equinox of J2000 in the I131tS  systcl~l

It has been traditional for astromctry to refer to a coordinate systcm defined by

available.

the mean
cql~at,or and equinox c)f a rcfcrcncc  cpc)ch (e.g. B 1950, J2000), where t hc mean equinox of
qmch is the intersection of the mean equator with the mean ecliptic. VL131 data allow the
clctcrlllil~t~t,ioll  of the mean equator of J2000 in the IF,RS cclcstial systcm with all accuracy
of a fmv rims. ]Iy combining this result with a (Ictcrlllill:lti[)ll  of the mean ecliptic based
on analysis c)f the planetary cphcmcris  ancl by using thc~  frame tic calculated in Section V,
it is then pc)ssiblc  to dctcrminc  the location of the mean equinox of J2000 in the IERS
Syst,clll.

The relit vector in the direction of the mean equinox at J2000 in the H3RS cclcstial frame,
~l~;l~,s,  can bc defined as ~thc crcEs  product of a unit vector pointing toward the mean
cql~atorial  pole of J2000, F’j~~l~s , with a unit vcctc)r  pointing toward the mean ecliptic pole
c)f J2000, fi;C~1~J9 :

‘1’hc lmit vector towards the mean ecliptic pole in the I13RS cclcstial fmmc,  is c)btaincd
fmn equation (26):

[ 1

–02
pImL$ ~ @l

Cq’u

1

(37)

‘1’hc mean ecliptic pole was clctcrmincd in the process of creating the cphcmcris  rjIJ200 in
a.]] att crept to orient that cphcmcris  with the mean equator and equinox of 2000 (Standish,
1 982). That calculation is still useful for the present work bccausc tjhc dctcrmimticm  of
the n~can ecliptic pole (unlike the clctcrmination c)f the mean equator) is indcpcndcnt  of
l)rcccssion ancl nutation moclcls. Since Lllc cphcmcris  DE200 was aligllcd such that the
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noclc c)f the ecliptic was zero at the epoch J2000, the mean ecliptic pole of J2000 in the
rcfcrcncc  frame of DE200, is given by the unit vcct)or:

[1

o
jyyoo —— — sin 6

Cc)s  f

(38)

with c == 23 °26’21 .412“ (Standish 1982). Ilotc that this (lctcrl~lil~at,ic)ll  c)f the ecliptic. l)oIc
is rcfcmcd to a rotating ecliptic (Standish, 1981). The mean ecliptic pole cm bc rotated
by using equation (21) to find its coorclimtcs  in the IERS frame:

[

–A2COSC  – A3sin~
pulls ~ —sin~+-A1cosc

1
(39)

cos c +- Al sin ~

where Al, Az, As arc the components of the frame tic rotation vcc.tor,  ~~~j~o, given ill
equation (35). The expression of the mean equinox vector, ~lljll,~, is t)hcn derived fro]ll
cquatlicm  (36) as:

[

1

$’Im{s  = –As + (Oz – Az)/tan~
0, 1

(40)

By using values of 82, Az and As from Sections IV and V, the cocmlinatcs in the 1131{S
frame of the mean equinox vector at cpcd J2000 have bwm calculatccl.  They arc given in
tfhc cquaticm below.

[11?11<1{s  E 83 + 10 Inas (41)
223:3 Ill as

‘1’hc accuracy of this clctcrmination is limited by the averaging pmccdurc  usccl to dctcrminc
the mean ecliptic. The longest pcriocl  term uscxl in the numerical fit for DE200 had a
period of 882 ycmrs. A comparison analytic thcmics  of the moticm of the planets with
tlllc numerically integrated DE200 give values of the inclination of the mean ecliptic to the
ecliptic c)f date consistent with Standish’s at the mas lCVC1 (Brctagnon,  1982: Chapront,-
Touzc’  ancl Chapront,  1983). However , a more rcccnt analysis of numerically integrated
cphclncridcs,  which included a tcmn with a pcriocl  of 1781 years gave a shift in the mcm
ecliptic pole of 2 mas. Stlanclish,  1 993). The mlccrtaintlics  given in cquaticm (41) rcflcctj
the latter study and our caution in giving rcsultls  with respect to the mean ecliptic,

VII. ~ol-lclusiol]———. —.— .. —. —.-.. .—. ——.

l’hc rotational offset bctwccn  the J I’IJ phmctary cphcmcris  DE200 dcfillcd by the mbits  of
the Earth and the planets and the VI, BI/IERS cxtragalactic  frame has bum  dctcmnimd
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with 3 mas accuracy from comparison of VLB1 and LLR station ccmrciinatcs  dcrivccl  from a
joint VL131/l,LR analysis. This result, which is the most accumtc  fmmc  tic dctcmnimtion
o] )t aillcxl so far, will enable mom accurate intcrldanct a,ry spaccmaft navigation. The frame
tic is dcpcndcnt  on the time of the mean data cpc)ch bccausc  of uncmtaintics internal to tlhc
]Janctlary  c1 hcmcris. Compariscm  of this frame tic result with results obt aincd by c)thcr
tcchliqucs,  e.g. VLD1  observations of spacecraft at other planets, or comparison of VLB1
and timing positions of millisecond pulsars, indic.atc  that our dctcrminaticm  is consistent
witfll tlhosc  previous results. The location of the mean cquincm  of J2000 in the IERS
intragalactic frame has also been calcula.tcd  from cmr cmnbincd VLBI/LLR analysis. Our
calculation shcnvs  that the mean equinox of J2000 is shift ccl from the x-axis of the lER S
systcm by 834.10 mas along the y-direction and by 22 +- 3 mas along the z-direction. The
l;lniting factors of this determination arc the knowlcclgc  of the precession constant and the
relative orient, ation  of VL131 and LLR terrestrial frames, and the averaging proccdurc  used
to calculate the mean ecliptic. In the future, improved precession and nutation constants
and a. larger LLR nctwcmk  should lead to an accuracy of I mas in the calculation of tllc
cxtlragalactic-lllallctary frame tic with this method.
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Table 1
Nutaticm tcmns cstimatccl  in jc)int  VL131/LLR  data rcducticm

(corrccticms  the IAU (1980) theory)

Period (days) OMiquity I,cmgit udc

Linms

6798.4  in-phase
out-of-plmsc

3399.2 in-plmsc
out-of-phase

429.8 in-plmsc
out - of-pha,sc:

365.3 in-phase
cmt-of-phase

1 S2.6 in-phase
cmt-c)f-phase

13.7 in-phase
out -of-phase

2.124:0.08
2,984:0.06

--0.29 a: O.OG
–0.35 4.0.05

0.09 + 0.03
–0.18 + 0.03

2.103:0.03
-0.50 +: 0.03

–0.64  + 0.02
–0.55 + 0.02

0.04 * 0.03
0.07 + 0.02

–3.79 4:0.09 mas/yr

m as –10.87 + 0.46 mas
6.04 + 0.32

2.51. * 0.21 -
– 1 . 2 1  3:0!17

---0.04 + 0.07
–0.45 + 0.08

4 . 7 3 3 : 0 . 0 7
1 .373  0 .07

1.58 + 0.05
–1.30 + 0.06

0.00 + 0.05
0.00 + 0.07

UT1 ticlal  terms estimated in joint VL131/LLI{  data reduction

Tidal moclc Cos sin

S2 –3.5 * 1.3 /1s 19.53: 1.3 /fs
M2 –18.74 1 . 5 21.23:  1.5
N2 –12.3tl.l  - –0.53: 1 . 1
1<1 20.43: 1.9 - - -2 .3  + 1.9
r] –4.33, 1 . 1 – 1 0 . 1  31.1
01 –23,1 43.6 - – 4 6 . 4  43.5

.—-— ———

vI,~I  a,ll(l LLR,  polar lllotioll all~ lJ1’1-uT~ rate  offsets from a priori  series

X (mas/yr) Y (mas/yr) U’T1-UTC (lllS/yr)

JT],IjI 0.06 + 0.04 0.264:0.04 –0.005 + 0.003
LLll –0.08 + 0.04 0.55 + 0.05 0.005 +: 0.003
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‘1’al>lc 2
Cartesian cocmdinatcs  c)f DSN racliotclcxcopcs at epoch 1988.0

in the VLII1  terrestrial frame (gcoccntric  metric)

Sitlc Antcnm x (m) Y (m) z (m)

Gol(lstc)nc DSS 12
1)ss 13
Dss 14
Ems 15

Tidbinbilla DSS 42
DSS 43
DSS 45

Madricl DSS 61
DSS 63
DSS 65

--2350443.690
–2351129.072
–2353G21.129
--2353538.676
–4460980.821
--4460894.396
–4460935.049

4849245.252
4849092.685
4849336.780

–4651980.828
–4655477.097
–4641341.552
–4641649.511

2682413.543
2682361.587
2682765.724
–360278.293
–360180.698
–360488.992

3665630.964
3660956.960
3677052.349
3676670.038

--3674582.264
–3674748.760
-3674381.591

4114884.383
4115109.050
4114748.714

Table 3
Cartesian coordimtcs  of I.LR tracking stations at cpc)c.11  1988.0

in the LJ.1{. txmcstrial  frame (gcoc.cntric mct)ric)

Station x (m) Y (m) z (m)

McDcmald* –1330782.265 –5328755.372 3235697.699
Halcakala –5466007.471 –2404427.063 2242188.555

Gsassc 4581692.399 556194.929 4389354.954

* Tllc  coordinat,cs  given here arc thoscofthc 2.7 m tclcsccq>c. The pc)sitimls  of the tllrcc
McDonald  LLR staticms  (the 2.7 m tclcscopc,  the original McDcmald Laser Ranging Sta-
tion, a]ld the ncw McDcmald Laser Ranging St at,icm)  were constrained together ill tllc
analysis, based on grcnmcl  tics.
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‘Rklc! 4
Cartesian  coordillatc:sc)f  DSN radiotclcsc[)l)cs and LLR traclcillg  stations

at epoch 1988.0 in tllc mlificd IT’RF92  frame

—.
——.

Station .X (m) Y (m) z (m)

Dss  12
Dss 13
DSS 14
11ss 15
DSS 42
1)ss 43
Dss 45
DSS 61
DSS 63
DSS 65

McDonald
Halcakala
cram

–2350443.676
–2351129.045
--2353621.115
--2353538.673
--4460980,822
–4460894.394
–4460935.051

4849245.258
4849092,680
4849336.787

--1330781.245
—5466006.954

4581692.355

–4651980.838
–4655477.084
–4641341.540
–4641649.540

2682413.518
2682361.548
2682765.7oo

--360278.299
–360180.692
–360488.958

–5328755.584
-2404428.192

556195.826

3665630.978
3660956.933
3677052.355
3676670.049

–3674582.264
–3674748.775
–3674381.594

4114884.408
4115109.057
4114748.700
3235697.713
2242188.537
4389354.975

Table 5
Transforlllatiolls  froln the unificcl  ITRF92  frame

tothc  VLB1 ancl LLIlfralllcs

——..__

VLB1 J,LR
—_ ._._

q’ --0.43. 0.5 C]ll T: - - 5 . 3  i 6.4 (’1]]
7’; o.8io,5  Cll”l q 3.0 + 8.3 Cll”l
T; 0.04- 0.5 Cln T; 1.1 + 6 . 5  ~111
R; –0.3 +0.2 mas R; –-1.7 +4.2 Inas
Rj ‘ 0 . 2 4 1 0 . 2  nlas R; –1.2 +2.4 mas
R; 0.6+0.2 mas R{ 40.0 +1.9  lnas
D’ 0.0 +. 0.1 lo-~ D “  ---().1 + o.~ 10-8
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Table 6
Compariscm  of VL131/LLR frame tic with observed source pc)sition  diffcmmcm

lxiw7ccm  the IERS cclcstial frame and tllc frame of planetary cphcmcris  1)11200

-.. -.— —. _—— .—.. —.

soul’cc mc!asurcmcntl direction” Observed W,BI/LLR
l~RF–DE200 ICIW-DE200

(mas) (mas)

0202 +- 149 Vega 1 & 2 6’ 14 + 12 5k3
0202 + 149 Vc!ga 1 & 2 8 -15+:12 –9 A- 4
0250 +- 178 Phobos  II cos 8°ti  +- sin 8°~ 13,6 34.3
0423 +- 233 Pholms 11 cm 42°6 +- sin 42°8 od:3 –1+3
1937 + 210 pulsar timing 6’ 3&5 llj”3
1937 + 210 pulsar  timing 8 –113:12 - - 7 4 3

———.  -

* Position diffcrcmccs  arc given in plane-of-sky coordinat!  diflcrcnccs  in the direction of
increasing right ascension (6) and increasing declination (6).
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